Mycobacterium tuberculosis, the causative agent of tuberculosis, has two distinguishing characteristics: its ability to stain acid-fast and its ability to cause long-term latent infections in humans. Although this distinctive staining characteristic has often been attributed to its lipid-rich cell wall, the specific dye-retaining components were not known. Here we report that targeted deletion of kasB, one of two M. tuberculosis genes encoding distinct ␤-ketoacylacyl carrier protein synthases involved in mycolic acid synthesis, results in loss of acid-fast staining. Biochemical and structural analyses revealed that the ⌬kasB mutant strain synthesized mycolates with shorter chain lengths. An additional and unexpected outcome of kasB deletion was the loss of ketomycolic acid trans-cyclopropanation and a drastic reduction in methoxymycolic acid trans-cyclopropanation, activities usually associated with the trans-cyclopropane synthase CmaA2. Although deletion of kasB also markedly altered the colony morphology and abolished classic serpentine growth (cording), the most profound effect of kasB deletion was the ability of the mutant strain to persist in infected immunocompetent mice for up to 600 days without causing disease or mortality. This long-term persistence of ⌬kasB represents a model for studying latent M. tuberculosis infections and suggests that this attenuated strain may represent a valuable vaccine candidate against tuberculosis. mycolic acid ͉ Ziehl-Neelsen stain ͉ cording ͉ persistence ͉ FAS-II ‡ Present address:
T he Ziehl-Neelsen stain-based microscopic detection of Mycobacterium tuberculosis, which relies on the acid-fast attribute of the tubercle bacillus, remains the cornerstone of diagnosis of tuberculosis (TB), particularly in poor countries where the infection is highly prevalent (1) . This staining method was developed by Ziehl and Neelsen who improvised on the early work of Koch, Rindfleisch, and Ehrlich (2) (3) (4) . Acid-fastness has been attributed to a number of mycobacterial cell wall components, including outer lipids, arabinogalactan-bound mycolic acids (MAs), and free hydroxyl and carboxylate groups of cell wall lipids (5) (6) (7) . The underlying theme in all of the proposed mechanisms was the presence of a lipid-rich, hydrophobic barrier that could be penetrated by phenol-based stains but was resistant to decolorization by acid-alcohol. However, the precise molecular component responsible for this unique staining property has never been identified.
Early studies on the effects of isoniazid on the staining characteristics of tubercle bacilli demonstrated a loss of acidfastness after growth in the presence of the antibiotic (8) . Because isoniazid was known to inhibit the synthesis of MAs, the major class of lipids composing the cell wall of mycobacteria, this result suggested that these molecules may be the components responsible for the acid-fast staining characteristic and that mutants defective in MA biosynthesis would be reasonable candidates to study the phenomenon of acid-fastness. MAs are very-long-chain ␣-alkyl ␤-hydroxy fatty acids that are either esterified to peptidoglycan-linked arabinogalactan or present as a part of the interspersed glycolipid, trehalose dimycolate (TDM) (9, 10) . The long mero-MA chain is synthesized by a multienzyme fatty acid synthase II complex (FASII) from acyl carrier protein (ACP)-bound substrates that are elongated by repetitive reductive cycles, the first step of which is catalyzed by a ␤-ketoacyl-ACP synthase. In M. tuberculosis and other mycobacteria, two genes, kasA and kasB, encode distinct FASII ␤-ketoacyl-ACP synthases (11) . Whereas kasA is an essential gene (12) , kasB is not essential for normal mycobacterial growth in Mycobacterium marinum and Mycobacterium smegmatis (12, 13) , suggesting that kasB might be an accessory gene that is not essential for MA biosynthesis. Previous in vitro (14) and in vivo (13) results had indicated that whereas KasA is involved in the initial elongation of the mero chain, KasB might be responsible for its extension to full-length mero-MAs.
Before this work, the effects of kasB deletion in M. tuberculosis were unknown, and the role of KasB in pathogenesis had not been investigated in an animal model of infection. In this work, we have shown that the deletion of kasB caused alterations in MAs that resulted in a loss of acid-fastness. Furthermore, the M. tuberculosis ⌬kasB mutant was analyzed after infections of both immunocompromised and immunocompetent mice, which revealed a marked attenuation of in vivo growth in the mutant that led to a long-term persistent infection that resembled latent tuberculosis. These results provide insights into the nature of the clinically important feature of acid-fast staining in M. tuberculosis and are also relevant to understanding and modeling latent tuberculosis.
Results

Deletion of kasB Caused a Change in Mycobacterial Colony Morphology and Loss of Cording and Acid-Fastness.
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(hyg), was transduced into two virulent M. tuberculosis strains, H37Rv (laboratory strain) and CDC1551 (clinical isolate). Southern blot analysis of genomic DNA isolated from hygromycin-resistant (Hyg R ) colonies confirmed replacement of kasB with hyg ( Fig. 1 ). For further studies, we chose the kasB mutant generated in the clinical strain CDC1551; the CDC1551 parental strain, the ⌬kasB mutant strain, and the complemented strain will be referred to here as WT (wild-type), ⌬kasB, and ⌬kasB(pMV261kasB), respectively. Deletion of kasB resulted in a striking alteration in colony morphology, with the mutant strain forming colonies much smaller than those of the parental strain ( Fig. 2 ). In addition, colonies of mutant strain appeared to have a different surface texture. The smaller size of the colonies was not the result of a slower growth rate because the CDC1551 ⌬kasB mutant had a doubling rate similar to that of its parental strain when cultured in 7H9 broth (data not shown). WT colony morphology could be restored in the ⌬kasB mutant upon introduction of kasB on a multicopy-replicating plasmid ( Fig. 2) , indicating that the observed change was due solely to the loss of KasB and not because of a polar effect on the expression of accD6 located downstream from kasB. On the other hand, no complementation was observed with a kasA-containing plasmid, indicating that extra copies of kasA could not compensate for the loss of kasB (data not shown).
A change in colony morphology suggested an altered cell envelope in the ⌬kasB mutant, and a microscopic examination of cultures grown in 7H9 broth showed that the ⌬kasB mutant was defective in cording, a classical serpentine growth ( Fig. 3) . A change in the cell wall composition was further confirmed by acid-fast staining of cultures by two different methods (Kinyoun stain or TB-fluorescent stain), which revealed that the ⌬kasB strain had lost the ability to retain the primary stain after washing with the acid-alcohol decolorizer (one staining method is shown in Fig. 3 ). These results suggested that the change in morphology was likely due to a change in the cell wall MA content and correlated well with the increased sensitivity of the ⌬kasB strain to the lipophilic antibiotic rifampicin (data not shown). The mutant strain was also more sensitive to the KasA/KasB inhibitor thiolactomycin [minimum inhibitory concentration (MIC) Ͻ1 g/ml] than the WT strain (MIC ϭ 5 g/ml).
MA Chain Length and Cyclopropanation Are Altered in the ⌬kasB
Mutant. The changes in cording and in the acid-fast staining property of the ⌬kasB strain prompted us to investigate the MA composition of the mutant strain. M. tuberculosis produces three classes of MAs: ␣-, keto-, and methoxy-MAs, each differing in modifications of the mero chain that are catalyzed by distinct cyclopropane synthases, isomerases, and methyl transferases (15) (16) (17) (18) (19) (20) (21) (22) . A preliminary analysis of [ 14 C]acetate-labeled MA methyl esters (MAMEs) obtained from total MAs by TLC showed that methoxy-and keto-MAMEs obtained from ⌬kasB migrated at a slightly lower but reproducible R f value than those from WT or complemented strains ( Fig. 4A ), suggesting a change in the MA chain lengths. Also, there were differences between the WT and mutant strain with regard to the relative abundance of the three classes of MAMEs: the relative percentages for ␣-, methoxy-, and keto-MAMEs in total MAMEs from WT strain were 41.5%, 33.5%, and 25%, respectively, and those for the mutant strain were 52%, 32%, and 16%, indicating a decrease in the amount of keto-MAs in the kasB mutant [supporting information (SI) Fig. 7 ]. These defects in MA composition, and the migration in TLCs, were corrected on complementation of ⌬kasB ( Fig. 4A and SI Fig. 7 ). These changes in R f values and relative abundances of MAs were similar to those observed earlier in a M. marinum transposondisrupted kasB mutant (13) . Further analysis of MAMEs by two-dimensional argentation TLC (23) ( Fig. 4 B-D) revealed accumulation of two spots in ⌬kasB that migrated slightly more slowly than keto-and methoxy-MAME spots in the second dimension (M2 and K2, shown by arrows in Fig. 4C ). The retarded migration in the second, silver-impregnated, dimension suggested that these spots corresponded to unsaturated MAME species. Similar results were obtained when MAMEs obtained from cell wall-bound MAs and extractable MAs were analyzed separately by two-dimensional TLC, indicating that the altered MAs were esterified to both arabinogalactan and to trehalose (data not shown). No changes in the profiles of other lipids (polar and apolar) were detectable on TLC plates (SI Fig. 8) , indicating that the observed phenotypes of ⌬kasB were likely due to the effects of altered MAs.
Individual MA species were purified from WT, ⌬kasB, and ⌬kasB(pMV261kasB) and analyzed by MALDI-TOF MS. Spectroscopic data revealed shortened MAs in ⌬kasB (SI Table 1 ). The longest ␣-, methoxy-, and keto-MA species detected in the WT strain were C 84:2 , C 92:1 , and C 89:1 , respectively, whereas in the ⌬kasB strain the corresponding longest species were C 80:2 , C 86:1 , and C 82:1 , respectively (SI Table 1 ). In addition, the chain lengths of the most abundant MA species were different in the mutant strain (SI Table 1 ). Detection of the ␣-branch by pyrolysis GC revealed that the shortening of chain length was not in the ␣-branch, but in the mero-MA moiety (SI Fig. 9 ).
The two accumulated species that were detected by twodimensional TLC in the ⌬kasB strain were each found to have a mass identical to the corresponding oxygenated MAME (SI Fig. 10 ). A more detailed study of purified MAs by 1 H NMR analysis revealed the presence of normal levels of ciscyclopropanated methoxy-MAs but diminished resonances for trans-cyclopropanated methoxy-MAs in ⌬kasB (SI Fig. 11 ). Additionally, no signals corresponding to trans-cyclopropanated keto-MAs were detected in the mutant strain (SI Fig. 11 ).
Furthermore, 1 H NMR analysis of total MAs from ⌬kasB revealed that the two accumulated species in ⌬kasB were unsaturated precursors of trans-cyclopropanated species: signals for trans-double bond were detected at 5.24 ppm (J 14.7 Hz) and at 5.34 ppm (J 14.7 Hz) (24) , and the protons for the methylene and the methine groups adjacent to the trans-double bond were assigned at 1.96 ppm and 2.01 ppm (15, 25) (SI Fig. 12 ). The protons of the allylic methyl branch of the proximal trans-double bond resonated as a doublet at 0.94 ppm (J 6.6 Hz) and the terminal methyl at 0.84 ppm (26, 27) . In contrast, spectra of total MAs from the WT strain revealed the absence of allylic methyl branch protons (0.94 ppm) and of trans-double bond (5.24 ppm) (data not shown). These results demonstrated that a transunsaturated precursor of both methoxy-and keto-MAs accumulated in the ⌬kasB strain.
Loss of KasB in M. tuberculosis Causes a Severe Growth in Vivo Defect
in Mice and Latent Subclinical TB. To assess the effects of altered MAs in the ⌬kasB strain on mycobacterial virulence, we first tested the ability of the ⌬kasB mutant to survive in murine (C57BL/6 bone marrow-derived and J774) macrophages and THP-1 cells and found no differences between WT and ⌬kasB (data not shown). Next, immunocompetent C57BL/6 mice were infected with aerosols of WT, ⌬kasB, and complemented strains (Ϸ100 bacteria per mouse). Extensive granulomatous inflammation was visible in the lungs of mice infected with the WT or ⌬kasB(pMV261kasB) strains but not in those infected with the ⌬kasB strain ( Fig. 5A ). Histological examination of stained lung sections from mice infected with the WT or ⌬kasB(pMV261kasB) strains revealed multifocal, moderate infiltration after 21 days of infection (Fig. 5B) . The severity of the granulomatous lesions increased after 56 days, and after 112 days there was coalescence of lesions into large areas that involved entire lobes of the lung. In contrast, the lungs of mice infected with ⌬kasB showed more diffuse and less organized infiltrates at 21 days, which decreased in severity after 56 days, and no signs of infection were seen after 112 days (Fig. 5B) . Consistent with the loss of acidfastness observed for broth cultures, the kasB mutant also failed to retain the primary stain in tissue sections after acid-fast staining and instead took up the methylene blue counterstain (SI Fig. 13 ).
Monitoring of colony-forming units (cfu) in the lung, spleen, and liver at different time points after infection indicated that the ⌬kasB mutant was severely attenuated for growth in mice. WT bacteria could replicate extensively in the lung in the first 21 days after aerosol infection, with a three log increase in WT bacteria in infected lungs at the end of 21 days (Fig. 6A) . In contrast, replication of the ⌬kasB strain was restricted: bacterial loads in the lung barely increased by 2 orders of magnitude after 21 days of infection and then decreased to between 500 and 1,000 cfu in subsequent weeks (Fig. 6A ). The ⌬kasB mutant was also attenuated for growth in liver and spleen (SI Fig. 14 A and B) . Surprisingly, 450 days after aerosol infection, Ϸ1,000 cfu could still be detected in the lungs of ⌬kasB-infected mice (Fig. 6A ), although the mice looked healthy before being killed, which indicated that the mutant was able to persist in the mouse without causing visible signs of disease. Indeed, we observed a significant difference in the mortality of C57BL/6 mice infected by aerosols of the CDC1551 strains (100 cfu per mouse). By day 356, 100% (eight of eight) of the mice infected with WT or ⌬kasB(pMV261kasB) had died (Fig. 6B) . In stark contrast, all mice infected with ⌬kasB (eight of eight) were not only alive but also appeared healthy even after 600 days after infection, indicating that ⌬kasB had failed to cause active infection in the mice. Surprisingly, unlike the results obtained with C57BL/6 mice, the ⌬kasB strain caused mortality in immunodeficient SCID mice (SI Fig. 15 ).
Discussion
Our studies demonstrate that the FASII ␤-ketoacyl-ACP synthase KasB is essential for full MA chain length in M. tuberculosis. Although the results of in vitro assays suggested that KasB may be involved in elongating a major portion of the mero-MA chain (14) , deletion of kasB resulted in the shortening of the mero-MA chains by only 2-6 carbons. In addition, the ⌬kasB mutant lost the ability to synthesize any trans-cyclopropanated keto-MAs and produced a miniscule amount of transcyclopropanated methoxy-MAs, accumulating instead their cor-responding unsaturated precursors with trans-double bonds, which are putative substrates of the trans-cyclopropane synthase CmaA2 (18) . This unexpected consequence of kasB deletion meant that either the shortened oxygenated mero-MAs are poor substrates for CmaA2 or that CmaA2 interacts preferentially with KasB present in specialized FASIIs, as recently suggested (28, 29) . Thus, the deletion of kasB had a ''downstream phenotypic'' effect on trans-cyclopropanation of oxygenated MAs, an activity not directly associated with KasB function. In addition, the proportions of the different MA species were also altered, with a reduction in the levels of keto-MAs. These alterations in structure (shortening of MA chain length and loss or reduction of trans-cyclopropanation) and in content (reduction in keto-MAs) were observed for both wall-bound and trehalose-bound MAs (data not shown).
Our findings have similarities but also several differences compared with those reported for a transposon-disrupted kasB mutant of M. marinum (13) . In that study, MA species 4 carbons shorter were found compared with up to 6 carbons shorter in the M. tuberculosis mutant. We also observed that the deletion of kasB affected MA trans-cyclopropanation, an activity not detected in WT M. marinum. And finally, unlike the M. marinum mutant study, we were able to test the ability of the M. tuberculosis ⌬kasB mutant to cause infection in an animal model of infection and thus assess the role of KasB in virulence. A remarkable change in ⌬kasB was the complete loss of the acid-fast staining property that is one of the primary defining characteristics of M. tuberculosis. Loss of acid-fastness by ⌬kasB was not only observed in broth cultures but also in infected murine lung tissue. Here again, direct or indirect effects of changes in the MAs of the kasB mutant, like a decrease in lipophilicity, may have rendered the cell wall more prone to decolorization with acid-alcohol. It is unlikely that any specific chemical interactions of MAs with the primary stain that were lost in ⌬kasB could have been responsible for the loss of acid-fastness because two different staining methods (using chemically distinct primary stains) yielded the same results. This work reports the loss of acid-fastness in a specific M. tuberculosis mutant that is defective in normal MA biosynthesis, and the only other well characterized acid-fast negative M. tuberculosis mutant described has a deletion in phoP, which leads to deficiencies of many lipids, including sulfatides, diacyltrehaloses, and polyacyltrehaloses (30) . It is worth noting that the deletion of cmaA2 in M. tuberculosis did not alter colony morphology, cording, or acid-fastness (18) , indicating that loss of or reduction in transcyclopropanation can be ruled out as a potential cause of the observed phenotypes in ⌬kasB.
TDMs are believed to play a particularly important role in determining colony characteristics and cording (31) , and the observed changes in colony morphology and cording in the ⌬kasB mutant were thus likely a direct or indirect effect of the altered MA profile of the TDMs produced by the mutant. Loss of cording is often associated with decreased virulence (19) , and indeed this was the case with the ⌬kasB mutant. Before these studies, three other M. tuberculosis mutants defective in MA biosynthesis had been tested in the mouse model of infection: ⌬mma4 and ⌬pcaA were found to be attenuated (16, 19) , whereas ⌬cmaA2 was hypervirulent (32) . Although ⌬pcaA and ⌬mmaA4 showed reduced replication in mouse organs, moderately high numbers of bacteria could be found in the lungs, spleen, and liver of mice even 20-30 weeks after infection (albeit lower than those found for the WT strain) (16, 19) . None of these three mutants has been reported as acid-fast negative, and only the ⌬pcaA mutant was defective in cording.
The ⌬kasB mutant displayed a number of interesting in vivo phenotypes. First, it was severely attenuated for growth in immunocompetent C57BL/6 mice: the mutant did initially colonize lung, liver, and spleen in infected immunocompetent C57BL/6 mice; determination of bacterial loads in organs and histological examination of tissue sections revealed that ⌬kasB failed to replicate to the levels normally observed in these tissues and did not cause the pathology usually associated with M. tuberculosis infection.
Perhaps the most striking in vivo phenotype of the ⌬kasB mutant was its ability to persist at constant low levels in lungs and spleen for 450 days after aerosol infection. The mutant also failed to cause active disease in the mice: ⌬kasB-infected mice appeared healthy even 600 days after infection. In contrast, SCID mice succumbed to infection by ⌬kasB, indicating a clear role for cell-mediated immunity in the control of replication of the ⌬kasB mutant. The absence of any differences between WT and ⌬kasB in regard to their ability to survive in macrophages suggests that early defense mechanisms, like intracellular oxidative damage in macrophages, did not play a role in the attenuation of the mutant strain. Thus, the surprising ''hypovirulence'' of ⌬kasB could be a consequence of a number of other factors resulting from the altered MA profile and their effects on the interaction of the bacteria with the host adaptive immune system. One possibility is the exposure of cell envelope components, normally ''masked'' in WT strains, which may induce a more robust immune response. Another possibility is the modulation of the immune response by cell wall components; TDMs are the major cell wall glycolipids and are known to modulate the immune response (32, 33) . It is therefore likely that ⌬kasB TDMs containing altered MAs modulate innate and adaptive immune responses, resulting in the observed in vivo growth defect.
A third of the human population is latently infected with the tubercle bacillus, and this dormant, drug-tolerant stage of the bacterium is a major challenge for the tuberculosis therapy and control. Although this latency provides an important reservoir for disease reactivation, very little is known about bacterial and host factors that are involved in long-term persistence. The long-term persistence of ⌬kasB for up to 600 days in immunocompetent mice without causing disease suggests that the mutant strain can provide a good model for studying latent M. tuberculosis infection. Furthermore, this unique in vivo phenotype makes kasB an attractive candidate for deletion in a live attenuated vaccine strain.
The increased sensitivity of the kasB mutant to lipophilic antibiotics highlights the attractiveness of KasB as an important secondary drug target in combination therapy. Specific inhibitors of KasB could be envisioned as inhibiting long-chain mero-MA biosynthesis and, as a result, attenuating M. tuberculosis while at the same time making the bacterium even more susceptible to drugs such as rifampicin used in combination. In addition to an increased permeability to lipophilic drugs, the increased sensitivity of ⌬kasB to thiolactomycin, a drug known to inhibit both KasA and KasB (34) , may have been due to a lesser titration of the drug as a result of the absence of KasB.
In summary, our studies have demonstrated that KasBmediated elongation of MAs is crucial for cording, acid-fast staining, subsequent trans-cyclopropanation, and the ability of M. tuberculosis to cause disease in immunocompetent mice. Our findings have important implications for understanding and solving the problems of latency and antibiotic tolerance in M. tuberculosis infection.
Materials and Methods
Plasmids and Phages. Plasmids and phages used in this work are outlined in SI Table 2 . Slow-growing mycobacteria were cultured in 7H9 broth (Difco, Sparks, MD) containing 10% Middlebrook OADC enrichment and 0.05% Tween 80, on 7H9 agar (made by adding 1.5% agar to OADC-enriched 7H9 broth), or on Middlebrook 7H10 agar (Difco). Escherichia coli strains were cultured in LB broth. The concentrations of antibiotics used were 75 g/ml hygromycin and 20 g/ml kanamycin for mycobacterial strains, and 150 g/ml hygromycin and 40 g/ml kanamycin for E. coli.
Construction of Deletion Mutants.
For generating an allelic exchange construct designed to replace the kasB gene with a hygromycin resistance cassette (hyg), 500-bp sequences flanking the left and right of the M. tuberculosis kasB gene were PCRamplified from pYUB2271 (a cosmid vector containing kasB) using the primer pairs MtKasB1 (5Ј-GCGACTAGTGGTAGG-GCGATGACTCGC-3Ј) and MtKasB2 (5Ј-CGTATGCAT-ACCAGCTCCGTCATTG-3Ј), and MtKasB3 (5Ј-GCGTC-TAGAGAGATCGAT T TGGACGTG-3Ј) and MtKasB4 (5Ј-GCAGGTACCACCGAGATCTGCGGGATG-3Ј), respectively. After cloning into pCR2.1-TOPO and sequencing, the cloned PCR fragments were excised by using the primerintroduced restriction sites and cloned into the allelic exchange plasmid vector pJSC347 (SI Table 2 ). The resultant plasmid, pYUB2417, was then packaged into the temperature-sensitive phage phAE159 (J. Kriakov and W.R.J., Jr., unpublished results), as described (35) , to yield the kasB-knockout phage phAE404. Specialized transduction was performed as described (35) .
Biochemical Analyses of MAs and Lipids. TLC analysis of MAs was done as described (23, 34) . MA extraction and derivatization for TLC analysis, and purification for MS and NMR analysis, were done as described (19, 36) . In brief, MAs of each strain were liberated by alkali hydrolysis (10% KOH/methanol, wt/vol) from the heat-killed bacteria at 90°C for 2 h, followed by extraction with n-hexane. After methylation with diazomethane, each subclass, ␣-, methoxy-, and keto-MAME, was purified by preparative TLC of silica gel until a single spot was obtained. The developing system was benzene or n-hexane/diethyl ether (90:15, vol/vol). The molecular species of the MAMEs were detected by MALDI-TOF MS by using an Ultraflex II (Bruker Daltonics, Billerica, MA). The purified MAMEs were prepared in chloroform at a concentration of 1 mg/ml, and a droplet of a 1-l sample was applied directly on the sample plate followed by 1 l of matrix solution (2,5dihydroxybenzoic acid/10 mg/ml in chloroform/methanol, 1:1 vol/ vol). MAMEs were analyzed in the Reflectron mode with an accelerating voltage operating in positive mode of 20 kV. An external mass calibration was performed by peptide calibration standard II (Bruker Daltonics), including known peptide standards in a mass range from 700 to 4,000 Da (15) . 1 H NMR spectra of MAMEs were obtained in CDCl 3 (100% D) by using a Bruker Avance 600 spectrometer at 25°C. Chemical shift values (in ppm) were relative to internal CHCl 3 resonance (at 7.26 ppm). Pyrolysis and subsequent GC-MS of MAs was done in accordance with published methods (37, 38) . Lipid extraction and TLC analysis were done as described (39) .
Mouse Infections. C57BL/6 mice were exposed to aerosols of different strains of M. tuberculosis in an aerosolization chamber.
A suspension of 10 6 cfu/ml in PBS containing 0.05% Tween 80 and 0.004% antifoam was used as the inoculum to obtain Ϸ100 cfu per lung. Four mice from each infection group were killed 24 h after infection, and lung homogenates were plated on 7H9-agar plates to determine the efficiency of aerosolization. At different time points, three or four mice were killed from each infection group to determine bacterial loads in the spleen, lung, and liver. Eight mice from each group were also used to determine survival times of infected mice. Pathological analysis and histological staining of organ sections were done on tissues fixed in buffered 10% formalin.
